P NMR spectroscopy study using a heart slice preparation (left ventricular slices) superfused with extracellular medium. The ratio of phosphocreatine concentration to ATP concentration was ϳ2.1. Also, intracellular pH and Mg ]i was significantly increased by the removal of extracellular Na ϩ , supporting the essential role of Na ϩ -coupled Mg 2ϩ transport in Mg 2ϩ homeostasis of the heart. Heart slice preparation could also be used to evaluate the potency of cardiac drugs, regardless of their possible effects on coronary microcirculation. magnesium; nuclear magnetic resonance; heart slice; adenosine 5Ј-triphosphate; high-energy phosphates NUCLEAR MAGNETIC RESONANCE (NMR) is a powerful technique for detecting dynamic changes in biological substances and ions. NMR measurements of the heart have usually been carried out under retrograde perfusion, such as Langendorff perfusion, using isolated whole heart preparations (1, 21, 27) .
There are numerous Na ϩ -coupled transporters of biological substances and ions. To confirm the importance of these transporters, an investigation of the effects of removing or greatly reducing extracellular Na ϩ is often required. In cultured cells or thin tissues, such as smooth muscle, these types of experiments are normally carried out under superfusion with extracellular medium (31, 32) , and, therefore, it is presumed that all cells share the same extracellular environment. However, in heart NMR, there is some uncertainty regarding coronary perfusion. For instance, there may be regional differences in the time course of changes in extracellular Na ϩ concentrations after removal of Na ϩ from the extracellular medium. In addition, it is likely that Na ϩ -free conditions affect contractility in coronary arteries.
In the present study, a microslicer, normally applied to brain tissue, was used to prepare left ventricular (LV) slices, which have been shown to maintain normal O 2 consumption (40, 45) . This preparation enabled the stable performance of NMR measurements, even when the composition of extracellular medium was largely altered, because LV slice preparations are not affected by changes in coronary microcirculation. In the present study, 31 
MATERIALS AND METHODS

Animals
Wistar rats of either sex (200 -350 g) were anesthetized with pentobarbital sodium (50 mg/kg). The animals were treated in accordance with the Animal Experimental Guidelines of Nagoya University Graduate School of Medicine and Nara Medical University. Their hearts were quickly excised and arrested in ice-cold Tyrode solution.
Preparations
After Langendorff perfusion with an ice-cold Tyrode solution containing 0.33 mM inorganic phosphate (P i), the LV of rat hearts was longitudinally cut into one septal and two free-wall pieces. These LV wall pieces were then cut into thin slices (ϳ30 mm 2 , 300 m thick) parallel to the epicardium, using a microslicer (DTK-3000; Dosaka EM, Kyoto, Japan) (45) . LV wall slices were stored 5 to 6 h in the same ice-cold Tyrode solution and used for NMR measurements and bioluminescence assay for ATP. For 31 P NMR measurements, 18 -20 LV wall slices (280 -360 mg) were mounted in a NMR sample tube of 10 mm diameter [similar to NMR measurements for smooth muscle tissue (5, 33) ] and superfused with a phosphate-free Tyrode solution at a constant flow rate of 12-14 ml/min at 30°C (supplemental Fig. 1 ; note: all supplemental figures for this article are available online at the American Journal of Physiology-Heart and Circulatory Physiology web site). (To enhance the time-resolution, it was possible to mount up to ϳ40 LV wall slices corresponding to ϳ600 mg in a sample tube of 10 mm diameter.) By measuring the O 2 consumption rate, it was previously confirmed that the intracellular energy metabolism in LV slice preparations of ϳ300 m thick is maintained as normal under superfusion of extracellular solutions (40, 45) . The temperature (30°C) and extracellular Ca 2ϩ concentration (0.9 mM) were chosen to optimize viability.
For comparison, 31 P NMR spectra were obtained from whole heart preparations under Langendorff perfusion with a phosphate-free Krebs-Henseleit (KH) solution at a flow rate of 15 to 16 ml/min (2, 35) . The heart was mounted in a NMR sample tube of 25 mm in diameter (at 37°C).
P-NMR
NMR spectrometers (GSX270W, JEOL, Tokyo, Japan; and UNITY-500 plus, Varian, Tokyo, Japan) were operated at 109.4 or 202.3 MHz, respectively, for measurement of phosphorus compounds (2, 35) . Radiofrequency pulses corresponding to a 30°flip angle were repeated at 0.6-s intervals. Spectra were usually obtained by accumulating 5,000 signals over 50 min. Before Fourier transformation, a broadening factor of 25 Hz was applied to enhance the signal-to-noise ratio. Spectral peak resonances were measured relative to that of phosphocreatine (PCr) in parts per million. The digital resolution of the spectrum was set at ϳ0.005 parts/million by zero filling.
NMR measurements were started after equilibrating LV slice preparations in normal solution (phosphate-free Tyrode solution) for at least 50 min. Spectral peaks were assigned by their chemical shifts to phosphomonoester (PME); P i; PCr; and ␥-, ␣-, and ␤-ATP. The concentrations of the intracellular phosphorus compounds were estimated by integrating the spectral peaks and by correcting with their saturation factors (P i, 1.71; PCr, 1.67; and ␤-ATP, 1.10). Saturation factors were estimated by comparing the spectral areas obtained at 0.6-and 5-s intervals (supplemental Fig. 2 ). The ATP concentration ([ATP]) was estimated from the ␤-ATP peak, because the other two ATP peaks contain contributions from ADP. According to previous reports (15, 24) , the apparent longitudinal relaxation times for ␤-ATP and PCr are Ͻ2 s; therefore, it is deduced that the loss of magnetization is Ͻ5% during repetition of 30°pulses at 5-s intervals.
Estimation of Intracellular pH and [Mg 2ϩ ]i
As previously described (32, 43) , intracellular pH (pHi) and [Mg 2ϩ ]i were estimated from two pairs of resonance frequencies of phosphorus compounds: 1) Pi and ␤-ATP, and 2) ␤-and ␥-ATP. The former was mainly used.
Estimation 1: estimation from the Pi and ␤-ATP peaks. First, pHi was estimated from the chemical shift observed for the Pi peak [␦o(Pi)], using a Henderson-Hasselbalch-type equation (3, 28) :
where pK a is the negative logarithm of the dissociation constant of Pi (ϭ6.70) and ␦ p͑P i ͒ ) and ͑␦ d͑P i ͒ are the chemical shifts for H2PO 4 Ϫ (ϭ3.15 parts/million) and HPO 4 2Ϫ (ϭ5.72 parts/million), respectively (30, 34) .
Subsequently, [Mg 2ϩ ]i was estimated from the chemical shift observed for the ␤-ATP peak (␦o␤), using the following equation (12):
where K D MgATP is the apparent dissociation constant of MgATP and ␦f␤ and ␦b␤ are the chemical shifts of metal-free and Mg 2ϩ -bound forms of ␤-ATP, respectively. The pHi value, estimated using Eq. 1, was used to correct Eq. 2. It has been shown that K D MgATP , ␦f␤, and ␦b␤ can be described as functions of pH (31, 32) . K D MgATP (pHi) at 30°C was derived from quadratic pH functions for K D MgATP at 25°and 37°C (46), using the van't Hoff isochore (31) . The pH functions of ␦f␤ and ␦b␤ were constructed by fitting the data points of model solutions with sigmoid curves. Therefore, Eq. 2 can be rewritten as follows (33) : 
where ␦f␥ and ␦b␥ are the chemical shifts of the metal-free and Mg 2ϩ -bound forms of ␥-ATP, respectively, and these parameters are also expressed as pH functions. To check the reliability of the former estimation 1, pH i and [Mg 2ϩ ]i were estimated from the chemical shifts of the ␤-and ␥-ATP peaks by simultaneously solving Eqs. 3 and 4 (31, 32) .
In both estimations 1 and 2, the definition of K D MgATP , Mg 2ϩ -bound, and metal-free ATP is consistent with previous work (16, 33 
Bioluminescence Assay
After quickly being weighed, LV slices of ϳ10 mg were frozen in liquid nitrogen and then homogenized with 200 l perchloric acid solution. The extracts were neutralized and centrifuged at 15,000 rpm for 20 min. In the resultant supernatant, ATP was measured by using luciferin-luciferase luminescence (ATP determination kit, A22066, Molecular Probes, Eugene, OR).
Solutions and Chemicals
The composition of phosphate-free Tyrode solution used as normal solution in NMR measurements of heart slice preparations contained (in mM) 136. The composition of phosphate-free KH solution used in 31 P-NMR measurements of whole heart preparations under Langendorff perfusion contained (in mM) 118 NaCl, 5.9 KCl, 2.5 CaCl 2, 1.2 MgSO4, 25 NaHCO3, 12 glucose, and 0.5 Na2EDTA (pH 7.4 at 37°C). The KH solution was oxygenated with a mixture of 95% O2-5% CO2.
Statistics
Numerical data are expressed as means (SD). In Na ϩ -free experiments, differences between means were evaluated by repeated-measures ANOVA. When a significant difference was identified by ANOVA in a category of groups, differences between a control group and other groups were evaluated by Dunnett's test. Figure 1A shows a 31 P NMR spectrum obtained from a rat heart slice preparation (LV slices) under superfusion with a normal solution (phosphate-free Tyrode solution) at 30°C. LV wall was cut into thin slices (300 m thick) in an ice-cold Tyrode solution, and 18 -20 LV slices were then mounted in a NMR sample tube of 10 mm diameter. [The ATP content of LV slices in an ice-cold Tyrode solution separately measured using bioluminescence was 1.41 mol/g wet wt (SD 0.60) (n ϭ 6).] The spectrum obtained from the LV slice preparation consists of five major peaks as observed in rat hearts under Langendorff perfusion (Fig. 1B) . In LV slice preparations, the intracellular concentrations of PCr and P i relative to ATP ([PCr]/[ATP] and [P i ]/[ATP]) were 2.13 (SD 0.58) and 1.09 (SD 0.40) (n ϭ 12), respectively. The concentrations of these three phosphorus compounds were estimated by integrating PCr, P i , and ␤-ATP peak areas and by correcting their saturation factors (see MATERIALS AND METHODS). The P i and PME peaks were larger in slice preparations. Table 1 summarizes the chemical shifts of the P i and ATP peaks. The resonance frequencies relative to that of PCr in LV slice preparations were comparable with previous studies using whole heart preparations. In LV slice preparations, pH i and [Mg 2ϩ ] i , estimated from the chemical shifts of the P i and ␤-ATP peaks, were 7.26 pH units (SD 0.12) and 0.85 mM (SD 0.07), respectively ( (Fig. 2,  bottom) . Therefore, it is considered that the increases in [Mg 2ϩ ] i , seen during Na ϩ removal, reflect Mg 2ϩ influx from the extracellular space.
RESULTS
DISCUSSION
Intracellular Mg
2ϩ is thought to play a role as a chronic regulator of cellular functions (17) and to be related to several important diseases, especially cardiovascular diseases (38) . In general, [Mg 2ϩ ] i is thought to be regulated by the coordinating actions of Na ϩ -dependent and -independent transporters. With the use of the Na ϩ gradient across the plasma membrane, Na ϩ /Mg 2ϩ exchangers discharge excess Mg 2ϩ , which is administrated by the electrochemical driving force through Na ϩ -independent passive Mg 2ϩ pathways (19, 33) . In cardiac myocytes, the presence of Na ϩ /Mg 2ϩ exchange is controversial in previous reports (9, 18, 19, 22, 41, 42 31 P NMR spectra obtained from heart slice (A) and whole heart (B) preparations under normal conditions. A: heart slices were mounted in a 10-mm-diameter NMR tube and superfused with an extracellular solution at 12-14 ml/min (30°C). B: isolated whole heart under Langendorff perfusion (15-16 ml/min, 37°C) was mounted in a 25-mm-diameter NMR tube. NMR measurements started at ϳ50 min after perfusion with normal solutions. PME, phosphomonoester; PCr, phosphocreatine; ppm, parts/million. Values are means (SD); n, number of preparations. Chemical shifts were measured in parts/million, relative to phosphocreatine (PCr) peak. Because of the lack of a specific inhibitor for Na ϩ /Mg 2ϩ exchange, extracellular Na ϩ substitution is often required to confirm the contribution of Na ϩ -coupled Mg 2ϩ transport. In this case, however, it was difficult to achieve long continuous NMR measurements in whole heart preparations under coronary perfusion with Na ϩ -free solutions. This is presumably due to impairment of coronary microcirculation.
It has been shown that myocytes in LV slices of ϳ300 m thick are viable for hours under superfusion with physiological solutions (40, 45) . First, under light microscopy, the majority (ϳ80%) of myocytes in LV slices are intact. Second, no LV slice shows spontaneous contractions, but all LV slices constantly respond to electrical-field stimulation without arrhythmia, i.e., Ca 2ϩ handling and excitation-contraction coupling are kept normal. Third, LV slices preserve the basal O 2 consumption rate, whereas the lactate production is negligible, indicating that oxidative phosphorylation is the predominant energy source, like whole-heart preparations. As shown in Fig.  1A , 31 P NMR measurements have revealed that the [PCr]/ [ATP] is kept high (ϳ2.1) in LV slice preparations, agreeing well with the previous observations. In addition, it is noted that NMR spectra from these preparations do not have any contributions from atrial myocytes and right ventricular myocytes, unlike whole heart preparations. At the same time, because of the lack of the atrium and pacemaker cells, no periodic contraction (heartbeat) is observed. In the contraction of myocytes, Ca 2ϩ sequestration via sarco(endo)plasmic reticulum Ca 2ϩ -ATPase is particularly potentiated (11, 39, 40) (6, 30) , the chemical shift in the PME region (6.7-6.8 parts/million) suggests a contribution from phosphoethanolamine and AMP/ inosine 5Ј-monophosphate (IMP). However, because of reactions via creatine kinase, adenylate kinase, and 5Ј-nucleotidase (5, 10, 20) , AMP/IMP is unlikely to be detected in 31 ] i significantly increases during this treatment (Fig. 2) . This response is consistent with previous NMR observations in smooth muscles (32) . The present results suggest that Na ϩ -coupled Mg 2ϩ transporters, in which energy is supplied from the Na ϩ gradient across the plasma membrane, play an important role in Mg 2ϩ homeostasis of cardiac muscle. Also, the fact that [Mg 2ϩ ] i increases induced by Na ϩ removal do not correlate with the concentrations of high-energy phosphates suggests that the contribution of ATP-driven Mg 2ϩ pump is negligible. In future experiments, the effects of ATP on Na ϩ -coupled Mg 2ϩ transport (13, 14) need to be assessed. The ATP content of LV slices (ϳ1.4 mol/g wet wt), measured after storing in an ice-cold solution, is less than the values previously reported in whole heart preparations (21, 25) . This is probably due to the following factors: 1) mechanical damage of myocytes (Ͻ20%) (40) , 2) impaired energy metabolism at a low temperature (ϳ4°C), and 3) reduction of the adenylate pool (29, 44) during slicing and storing procedures. However, as described earlier, the [PCr]/[ATP] is high in 31 P NMR measurements and the basal O 2 consumption rate is preserved, suggesting that energy metabolism is recoverable in LV slices.
NMR measurements of extracts from isolated myocytes have recently been reported (37) . This method provides highresolution spectra and enables the identification of intracellular substances in more detail. Furthermore, all substances are subject to measure, whether they are contained in the cytoplasm or intracellular compartments, e.g., mitochondria, and whether they are dissolved in intracellular fluid or bound to fixed proteins. On the other hand, NMR measurements of intact tissues, including heart slices and whole heart preparations, enable the continuous monitoring of changes in intracellular substances within the same preparation. Dynamic changes in ionic concentrations, such as pH i and [Mg 2ϩ ] i , are measurable only in intact tissues. Also, the presence of NMR-invisible sub- stances in intact preparations should be borne in mind, e.g., ATP, which may be a minor (Ͻ9%) component in the heart (4, 21) .
In conclusion, the heart slice preparation, applied for the first time to 31 P NMR measurements, is valuable, especially for experiments with radical ionic substitutions, such as Na ϩ removal from the extracellular medium. Furthermore, numerous drugs are known to affect the circulation of coronary vessels. Heart slice NMR, including multinuclear NMR measurements, is presumably useful in evaluating the potency of such drugs, apart from their possible effects on vascular contractiltiy. However, NMR measurements of whole heart and slice preparations should be compared with caution, taking the different contractile and metabolic states of these preparations into consideration.
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